showed a different topology from the one inferred by sequence information. This topology 23 broke the proposed monophyly of the three endosymbiotic lineages and placed Bl. floridanus 24 as a closer relative to Escherichia coli than Yersinia pestis. These results indicate that the 25 phylogeny of these insect endosymbionts is still an open question that will require the 26 development of specific phylogenetic methods to confirm whether the sisterhood of the three 27 endosymbiotic lineages is real or a consequence of a long-branch attraction phenomenon. The aims of this study were, firstly, the estimation of genome rearrangement distances 1 (based on breakpoints and inversions) between pairs of γ-proteobacterial complete sequenced 2 genomes. These distances were obtained from a subset of genes shared by all these genomes, 3 which putatively did not contain HGT-acquired genes. We tried to analyze the movement of 4 the genes that evolve slowly at the genome rearrangement level. For that reason, genes 5 involved in HGT were not selected and only those shared by every genome were chosen. 6
These genes are probably essential, or functionally important, and their changes of position in 7 the genome may be deleterious. We also determined which phylogenetic lineages had evolved 8 faster or slower. And, finally, we used these distances to obtained a gene-order based 9 phylogeny which was very similar to other known γ-proteobacterial phylogenies but presented 10 the split of the endosymbiotic cluster as the main characteristic. 11 12 
13

Material and Methods 14 15
Table of orthology 16 
17
The first step to estimate the genome rearrangement distances was the construction of a 18 table of orthology. Thirty γ-proteobacterial genomes were selected for our analyses (table 1) . 19 They corresponded to those completely sequenced and reported before August 2003, except 20 the genome of Coxiella burnetii RSA 493. This latter was not included in our analysis 21 because we detected in it the absence of a small proportion of genes that were conserved in 22 the rest of the genomes. We considered that it would produce a small but important decrease 23 in the total number of genes to compare. The aim of the table was to include only those genes 24 that were present in all the genomes, either as a gene or a pseudogene, and to remove any 25 gene acquired by HGT in at least one of the 30 genomes. Pseudogenes were included because 26 in order to estimate rearrangement distances the only important thing was to know the 27 position of the gene (or pseudogene) and its transcriptional orientation. 28 We started our analysis with the tables of orthology that were obtained from two 29 previous studies. In the first, the genomes of B. aphidicola BAp, E. coli K12 and Vibrio 30 cholerae were compared, removing paralogous or xenologous genes (Silva, Latorre and Moya 31 2001). In the second, the genomes of five insect bacterial endosymbionts were compared to 32 detect the orthologous genes (Gil et al. 2003 ). The presence of those genes detected in the 33 seven previous genomes as either genes or pseudogenes was searched for in the remaining γ-34 6 proteobacterial genomes. The analysis was carried out in the Microbial genome database for 1 comparative analysis (MBGD) (Uchiyama 2003 ) with a maximum BLAST score of 0.0001 2 and a phylocut value of 0.4. The gaps (absence of a gene) detected in several genomes were 3 treated in several ways to confirm the absence of an orthologous gene or pseudogene. In the 4 case of absence confirmation, the gene was removed from the orthologous table. Genomes 5 were searched for a similar sequence to the absent gene with the amino acid encoded 6 sequence by using the TBLASTN algorithm (Altschul et al. 1997) in the Kyoto Encyclopedia 7
of Genes and Genomes (KEGG) (Kanehisa et al. 2004 ). In some cases, the detection of a 8 sequence with significant similarity indicated incorrect annotations and in others the presence 9 of a pseudogene. Both situations were analyzed in detail before taking the final decision to 10 maintain or remove the gene from the table. 11
When the MBGD comparison rendered more than one gene in any of the genomes, we 12 analyzed the phylogenetic tree and the genomic context of the genes to decide which was the 13 orthologous or paralogous gene and whether the gene was to be maintained in the table. In the 14 case of two true orthologous genes being present in a genome as a consequence of a recent 15 duplication, we retained one of the copies at random and removed the other. 16 The decision to remove a gene when a putatively HGT event had taken place in at least 17 one genome was difficult because, after more than 600 My of evolution of γ-Proteobacteria, 18 some conflicting phylogenies in fast evolving genes were not related to HGT events but to 19 problems with the phylogenetic methods for inferring the actual topology. 20 We looked at whether any gene present in our orthologous showed more than two genes in these lists. We made phylogenies for these genes and looked 25 at the genomic context but we were unable to remove any of them with great confidence. In 26 fact, the six genes observed in B. aphidicola BSg are an artifact associated to the special base 27 composition of this species, because B. aphidicola is refractory to HGT events (Tamas et BP distances were used to reconstruct phylogenies by several methods. In our study, for each 7 species or strain, its genome can be regarded as a small circular molecule composed of 244 8 genes in which the order and transcriptional orientation is the same as that observed in the real 9 complete genome. When comparing two genomes (those composed of 244 genes), we took 10 one of them as a reference (genome A) with its genes ordered and compared it with the other 11 (genome B). The first step was to change the sign of the genes in genome B when they were 12 not in the same transcriptional orientation as in the reference genome. We then searched for 13 whether the adjacent genes in A were also maintaining their adjacency in B. Taking two 14 adjacent genes g 1 and g 2 in A, we considered that a breakpoint had occurred when they did Amino acid substitution distances were calculated assuming a specific empirical model 25 of protein evolution, using a substitution matrix with scores for all thepossible exchanges of 26 one amino acid for another inferred from the protein sequences dataset. For our study, we 27 used protein sequences encoded by 10 genes (rpoC, rpoB, rho, rpoA, rpsC, rpsD, nusG, rpsG, 28 rplP, and rpsK) present in the 30 γ-proteobacterial genomes. They were selected by using the 29 following protocol. First, we searched for slowly evolving proteins by selecting those with 30 more than 80% identity between B. aphidicola BAp and E. coli K12. Second, we selected 31 those involved in information transfer and third, we selected the 10 with the largest amino 32 acid sequences. The amino acid sequences of these proteins were obtained from MBGD, and 33 aligned with the CLUSTAL_X program (Thompson et al. 1997 ). Alignments were edited 34 using the G-BLOCKS program (Castresana 2000) to select the most conserved sites of the were not included because the order of their genomes was identical or almost identical to that 24 from BAp. The genomes of ece, ecs and ecc were also not included because they were 25 identical to the one from eco. 26 
27
Phylogeny 28
29
The INV distance matrix obtained with GRIMM was used to reconstruct the γ-30 proteobacterial phylogenetic tree using the Fitch Margoliash (FM) (Fitch and Margoliash 31 1967 ) and the neighbor joining (NJ) (Saitou and Nei 1987 ) methods implemented in the 32 FITCH and NEIGHBOR programs respectively, from the PHYLIP software package 33 (http://evolution.genetics.washington.edu/phylip.html) . The input order of species was 34 9 randomized and global rearrangements were made to ensure that we obtained the optimum 1 tree and that no species had fallen into a suboptimal region of the space of all possible trees. 2
Phylogenetic reconstruction with the BP distance matrix was carried out with the same 3 methods and conditions as those used with the INV distance matrix. 4
To assess the reliability of the phylogenetic reconstruction with BP and INV distances, 5
we could not do conventional bootstrap analyses because we did not work with sequence data 6 with nucleotide or amino acid positions acting as characters and randomly altering the order 7 would render the data meaningless. To solve this problem we applied a Jackknife resampling 8 method that consisted of the random selection of 122 genes out of the initial 244, and the 9 removal of the remaining genes from the genomes. Finally, we produced new signed 10 permutations but this time from 122 instead of the 244 previous elements. Once we had the 30 11 genomes of 122 signed elements, we did the previous analyses to obtain INV and BP distance 12 matrices. We implemented 100 jackknife random samples, obtaining 100 pairwise distance 13 matrices for inversions and breakpoints. These 100 matrices were loaded into the FITCH and 14 NEIGHBOR programs to obtain 100 breakpoint/inversion phylogenetic trees and finally, the 15 CONSENSE program of the PHYLIP software package was used to obtain a majority rule 16 consensus tree with the numbers at each node reflecting the percentage of times that the clade 17 defined by that node appears in/on the 100 jackknife trees. These values were assigned to the 18 nodes of the initial 244-gene trees. 19 The concatenated amino acid alignment described in the breakpoint, inversion and 20 amino acid substitution distances section was used to obtain a sequence-based phylogenetic 21 tree for γ-Proteobacteria by ML using TREEPUZZLE 5.2 software and the quartet Puzzling 22 algorithm (Strimmer and vonHaeseler 1996; Schmidt et al. 2002) . Options included exact 23 parameter estimation by quartet puzzling plus NJ, VT model of evolution (Muller and 24 Vingron 2000), heterogeneity rate (1 invariable and 8 gamma rates) and 10000 puzzling steps. 25 Because a few nucleotide indeterminations were detected in the sequences of the selected 26
genes from E. coli CFT073 and E. coli 0157:H7 EDL933, these genomes were removed from 27 the phylogenetic analysis. 28 29 
30
Results
31
Orthologous genes shared by γ γ γ γ-proteobacterial complete genomes 32
The first step in our analyses was to build a table of orthologous genes for 30 γ-33 proteobacterial complete genomes. An ortholog of each gene ought to be present in every 34 genome to be included in the table either as a gene or as a pseudogene. We tried to remove 1 genes that had been putatively acquired by HGT in any of the genomes. This was very 2 difficult because many genes produced abnormal phylogenies for several reasons not related 3 to HGT. For that reason, we were very conservative. The final list of 244 genes may be 4 obtained from the online supplementary material. rates, which are extremely high in endosymbiotic species. 22 
23
Relative inversion distances 24
In order to confirm the faster evolutionary rearrangement rate of Pasteurellaceae and to 25 characterize the situation of the three endosymbiotic species compared with other free living 26 enterobacteriacae, we carried out a relative rate approach comparing the INV distance rates in 27 fig. 4) . The results showed that the branches leading to H. ducreyi, H. influenzae and P. 34 multocida were evolving faster than free-living enterics at average relative rates of 2.02, 1.90 1 and 1.64, respectively. This agrees with the abnormal position of their distances in the fig. 3 To interpret these relative rates correctly, we must bear in mind that they are averaging 9 the number of chromosomal rearrangements after divergence from the free-living enteric 10
cluster. Because we know that during the last 100-150 My of evolution the B. aphidicola 11 genomes have experienced a minimal number of rearrangements, the average relative rate of 12 1.38 requires a more precise interpretation. Assuming that the divergence of B. aphidicola 13 from the free-living enteric cluster occurred at some moment between 200 and 300 My ago, 14 we can consider that in a first phase of evolution, during the adaptation to endosymbiosis, the 15 rearrangement rate was much higher (around 2.76, if we consider the same period of time 16 between the divergence from E. coli and the divergence of the three strains, and the time from 17 that) which was followed, in a second phase of stability, by a rate close to zero as a 18 consequence of the inability to produce and fix new rearrangements in the genome. 19 
20
Phylogenetic reconstruction based on BP and INV distances (gene order phylogenies) 21
A phylogenetic reconstruction based on genome rearrangement distances was carried 22 out with two aims. First, to detect the periods of faster or slower evolutionary rates according 23 to the length of branches on the tree, and second to use these distances to determine the 24 relationship between the three endosymbiotic species and their position within the γ-25 proteobacterial phylogeny. 26
The NJ and the FM methods were used with BP distances to reconstruct the phylogeny 27 ( fig. 5A ). Both methods inferred the same topology. In order to obtain supporting values for 28 each node, BP distances were estimated after obtaining 100 random samples with genomes 29 containing half the number of genes. The inferred topology was similar to that obtained based 30 on amino acid sequences ( fig. 2 ), but with several important differences. 31 
13
The same approach was carried out with the INV distances ( fig. 5B) , obtaining an even 1 closer topology to the sequence-based one ( fig. 2) . The Shi. flexneri strains move closer to E. The availability of the sequences of many complete γ-proteobacterial genomes makes 30 this group very useful for the study of rearrangements through evolution. Several reasons 31 make difficult an overall analysis of the gene-order changes: the large divergence time of 32 many γ-proteobacterial species, the different sizes and gene contents of their genomes, the 33 presence of duplications, the high frequency of HGT events, and the existence of restrictions 1 to the gene-order change (Campo et al. 2004 ). To reduce the complexity of this study, in a 2 similar way as is done with sequence data, we selected for our genome rearrangement 3 analyses a set of genes putatively slowly evolving and free of xenologous genes. The 4 restrictive criterion that must be shared by the 30 analyzed bacterial genomes mean that we 5 are probably working with a set close to the genome core (Jain, Rivera and Lake 1999). 6
To estimate the number of rearrangements between genomes we calculated two 7 distances. The BP distance measured the number of breakpoints separating two genomes, 8 which are produced as a consequence of inversions or transpositions. They may be 9 underestimated because a BP may be reused by a new rearrangement event. INV distances 10 measure the minimal numbers of inversions to pass from one genome to another. Because 11 INV distances do not consider transpositions, their use will only be appropriate when 12 inversions are the most important event, fixed in the genome through evolution. We consider 13 that this distance is appropriate because firstly, inversions were detected as the main type of 14 rearrangement observed in interspecific γ-proteobacterial genome comparisons (Hughes 2000) 15 and secondly, because we detected a high correlation between inversion and BP distances. The comparison of the rearrangement and sequence distances ( fig. 3 ) and the 26 observation of the branch lengths in the phylogenetic tree ( fig. 5) show that although 27 rearrangement distances increase with time, they occur at a heterogeneous rate with strong 28 variations between and throughout the evolution of lineages. A great acceleration of the three 29
Pasteurellaceae lineages was detected. We have estimated that, on average, they evolve at a 30 relative rate of at least twice that of free-living enteric bacteria. Natural competence of these 31 species (Dubnau 1999 ) is probably responsible for this acceleration. The DNA uptake system 32 in these bacteria requires the presence of a specific short sequence, called the uptake signal 33 sequence, for the binding and uptake of a DNA fragment. The high number of copies in the 34 genomes of P. multocida (927) and H. influenzae (1,471) lead to the preferential uptake of 1 DNA from close relatives (Bakkali et al. 2004 ). So these genomes will contain many HGT 2 genes difficult to identify due to the similar nucleotide characteristics of the acceptor and 3 receptor species . Then, an important proportion of the Pasteurellaceae genes should not have 4 been included, making this family unsuitable for performing gene order phylogenies. 5
Heterogeneity was also observed in endosymbiont lineages. The three B. aphidicola 6 genomes allow us to make a partition of the slightly high average relative rate (1.38) into two 7 extremely different periods. The last 100 My of almost complete stasis and the initial period 8 after the divergence from E. coli with a high rate (at least 2.76). These results confirm that the 9 high number of rearrangements observed between E. coli and B. aphidicola occurred more 10 than 100 My ago, most of them probably in a short period during the adaptation of the 11 genome to endosymbiosis due to the reduction of the restrictions for the fixation of genome 12 rearrangements. With the availability of a single genome in the other two endosymbiotic 13 species, the analysis of the frequency of rearrangements during the evolution of the lineage is 14 not so clear. However, it is possible to assume that W. glossinidia behaved similarly to B. 15 aphidicola due to the similar average relative rate (1.35). On the other hand, Bl. floridanus 16 behaved very differently, with an average genome rearrangement rate similar to free-living 17 enterics. Because we do not know whether this bacteria has a genome stability phase as B. 18 aphidicola, we cannot discard the possibility that some acceleration in the genome 19 rearrangement rate had taken place during the adaptation to symbiosis. 20
Genome-based phylogenetic approaches may be classified into three groups: gene 21 content methods, sequence methods and gene order methods. Gene content methods (Snel, 22 Bork and Huynen 1999; Bapteste et al. 2004 ) require two steps. First, they must establish the 23 orthology between genes and second, they must convert the shared or unshared gene data into 24 a tree structure. These methods may be strongly affected when the number of genes in the 25 compared species are markedly different. Several methods have been used to try to overcome 26 this problem, but it is still usual to produce an incorrect position of B. aphidicola (Wolf et Monte Carlo can become strongly biased and statistically inconsistent when the rates at which 11 sequence sites evolve change non-identically over time (Kolaczkowski and Thornton 2004 
